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Abstract

This paper develops optimal statistical estimation formulation for multi-

dither adaptive optics control loops which potentially can enhance stable beam
control performance in the p resence of spurious signal like noise . A mult i-
dither autofocus example is chosen to compare estimated assisted and conven-
rional adaptive optical performance in the presence of speckle generated noise .

I. Introduction

Adaptive optics has truly become an important subfield. As the ideas in

adaptive Opt ics cross interdisci p l inary  lines of both the optics conniiuiiitv ~u iei

th e control comunit (although perhaps not im iversally recognized), it is

imp erat ice that  new t echn iq ues f rom each conniiunity evol ve to enhance the
p t ’form aIIc e ol adaptive optical  systems . This pape r represents one of these
II I ( Ie rd i Sc i p l  m ary crossings in order to ut i l ize  experience and techniques li on
t}it .’ C a i t  rol comun i I y to eiih ;u ice the f ield of adaptive optics .

A d a i t i v c  I ip t i c a l  sstems art ’ inherently closed loop systems s~i~ereh y a

~cedha ck si gnal is used to detect syste m erro r in some maimer. This error
( L ’t l ’ct ion is then used to control an adaptive optic il l  orde r to enh ance overal l
Opt ica l  pe. lorruaiice . ‘ [‘he inherent  performance of closed loop control I ~cs lii its

;Th i l i t  v to coi rect 11) 7’ a process t h a t  nay not be as accur ate  Iv  dete flfll iied as
one . ~ i ii i i  ke . I lowevcr , the  ii m i tat ion of feedback cont vol 1 s t ha t  th e lee~l -

hack i glut is must be as p r e c i s e ly  det ennuied as the accuracy leve l ic  j u i red i l
ti~e .oi i t  ( ‘I.) 11cr I l l  . Si lice in  adapt ive opt iCS the si gu al nay be corrup t Ld

• s ( ’v e r ; I l  llOiS ( ’ e f f e c t s  such as speckle , photon noi se , and detector no i se , i t  i s
iniper at  ive to obta i i i  a i i i  te r i n s  of t h i s  noise i l l  order to properly :ich I eve t h ’
p o ten t i a l  sy stem accu racy . ~ i t hout f u l l > ’  real i z ing the u se of op t i  ina l tech —
nique s , the opt ics conunun I t~ has a c t u a l l y  b e n e f i t e d  from a form ol ’ l i i  t . ,~’r i  ng

tha t  i s  inherent lv  pre sent in  e x i s t  ing adaptive opt ics  servo hardware . The
i u u h e r e n t  analog response of  these servos to feedback s igna l s  v ic id  a Ii l t c r i i ~~
of c i gri a I . lowe ve r , th 1 ’ I I I  t cr in ~ is at best suhop t ima l as i t  does not
n c  J ude the p1 ior s t a t i s t i c a l  knowled ge of the phenomenon p cr t u r b in g  the feed-

back s ig tua l  . Nor does i t use ai u ~’ of the ava i l a b l e  in f o rm a t ion  i i i  an opt ima l ‘

‘~L I l ~’( l’h e I i  l tL  r inc~ 1 ~ t I I  ~ t k 1 I) indp i~~ opL it ~~~~~~ r —— - -

,, ,
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This paper develops the use of estimation techniques as well known in the

control conununity [2 ,3,4] in order to obtain an optimum estimate of the feed-
back signal for multidither adaptive optics (see [5,61 Coherent Optical Adap ’

t ive  Techniques arid Image Comnei-isat ion). The feedback signal is then used iii

a stochastic approximation scheme in order to obtain a convergent feedback
controller for the mult idither adaptive optics. The estimator will give an
optimal estimate of the feedback signal in the presence of both speckle noise

1’ and detector :ioise. The results of the techniaue are applied to an auto-

focus ing scheme.
The control is based on optimizing the intensity as a function of the

di stance between the secondary and primary mirrors for a Cassegr ai n te le-
SCI .)pe . ~daximi :at ion logic is based on the parameter gradients of the inten-
sity . Second order gradients are not used in this simple maximization logic.
However, they can easi ly he incorporated in multi-element adaptive optic

systems .

11w worse case speckle problem has been addressed. This is the additive

speckle prob l em. In the example , a simple phase lock loop was modeled fur
comparison purposes. An ICC compensat ion was not simulated as it does not

add any utility to the models. It is shown that the technique in this paper

~‘ iclds si gn i ficant pe r formance imp rovement even wi th  ideal mode l ing of the
oinpa r isolu loop.

Sect ion I g i ves the problem statement including a d iscuss ion of the
S 1 I1USO idal perturbat ion adaptive cont roller and the basic es t imat ion  equat us
Section II consider s the p roblem of speckle interaction on adaptive optics l i e n i
the standpoint of induced si gnal spectrum components , and the modeling ol’ WI
estimator addressing this problem. Section III gives the estimator equationc

in the continuous form for possible ana log implementat ion . Section IV gives

the control ph ilosophy in terms of stochastic approximation . Section V demon-

stiates the results of applying estimation theo ry to the autofocusing problem
and Sect ion VI conta ins  th e conc 1 usi on.
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II. Prob lem Statement

The philosophy of multidither adaptive optics is to obtain a maximum of
intensity by using a feedback signal derived from multidithering. The intensity

is a function of adjustable parameters , P, where P is a q -vector , i.e.,

I = 1 ( P ) . 1)

The parameters are perturbed from a reference value , ~~~, by the addition of a
sinusoidal perturbation signal , i.e.,

c1 Sin ~1 -~1 t

c, Sin w 2 t

(2)

\ ~ Sin m~t

The actual interLsitv at the receiver will then be a function of the perturbations .
i.e.,

1( P) = + c~) (•3)

:.1 where

sin w~t

( 4 )

c S I I I  U) t ‘ - ,

q

E~. • )  nay he expanded in a Tay lor  series about small amplitude perturbations

~ P1 where j (• ) denotes the Euclidean norm of the vector ( ) )

This yield~i
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1(P) = I(~) + ~ + 
1 ~T ~~~ ~ + H .O.T. (5)

where H.O.T. denotes the higher order terms, the superscript “T” denotes the
vector transpose ,

~
I
~~

P i

~I/~Pq

and ‘.lier e

2 
[/P

2 ~ 2 I / B P 2 dP~~ 
~~~~~~~ ~ 2 T/~ l~~uP 1

7 =  . (~~)

i 2
I/ ~ P 1 3Pq 

P 1 denotes the i — th  element of the ~m ranuete r vector. For s m a l l  pcr t t lrba t ions

~ in tenus of the nonu of’ P the high e r order terms may he dropped. A more
refu ted approach w i l l  be considered when the second derivative is employed lot
convergence behavior monitoring in t h i s  paper. For the 1)U fl ~0SC of t h i s
de ve lopinent , howeve r , analog Fl 1 t oy i n g  w i l l  he assumed to be a v a i l  ab le for

el im inati lIg the double frequency terms as well as higher orde r terms . There-

fore , if the signal return i~ere perfect , we would have as the si gnal a f t e r

han dpass fi 1 teritig

1(P) + 
~~~~~ 

Q. (8)

The sign :u t i a gu ~i t I l d e  I f ’  the gradi cut nf the intensity with respect to the

ad justable para~ ’te u’s are contained e x p l i c i t l y  in  the term con ta in ing  the

.1

L
________________



basic dither frequencies. This yields the information necessary to make a

correction to the adj ustable parameters such that the intensity can he
increased. Iii part icular , the new settings for the parameters may be foun d
by appropriately choosing the desired intensity change at the current t ime
and solving for the required change in the parameters by a steepest ascent

• algorithm , i.e.,

— —

• newk+l ~
‘oldk 

+ Ek W 
(I )

where 1’k 
> 0 at each t ime instant , k , and serves as an effective gain parameter

that is controlled to assure reasonable convergence towards the optimum. Tb

predi ctor change in I may be foun d as

-- --
= 

~)P ~ new 
- “

~ld~ 
L
k 

-
~~

-
~~~ 

.

This is continued until

I I ~~~H < 6 , s~~ o

where 6 is chosen for convergence control.

The above algorithm i mp l i c i t l y  used in m u l t i d i t h e r Adapt i\e ~~~ ie ’~
the problem of the gr .id i cnt so obtained is assumed to be a ck t t i i i  i i i ;  t

quant ity and as such i-c determi ned by a riol seless measur(-llvIlt . No i the 1’ 1

these cases are actua l lv  real i zed in any appi i cat ion . 1; nart 1 cul ar , i n  ii

situations the anip i itudc of the gradient is ampl i t ud e  modu l it d by s~~eI~~ Ic

well as corrupted by signal like noise components , as w i 11 be showed i i i

Section II. Furthermo re , the measu remetit s are not itoise less. Iluis , t I l e

returned signal from the target may he w r i t t e n  as

v ( 1)  = k(:){J(~) + + s~+s,~ ... +s +T# g~ + .- ( l . ’ l
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wh ere k(z )  is the detector ~tain , is the target range , - l / ~P is the gradient
modulated at the dither frequency , s. is the speckle induced spectrum component
occurring at the i- th dither frequency han d , I is the targe t diffusely distrib-
uted return , g is a random g l in t  return component and ri is the detector noise .
The speckle induced spectrum and modulation at the dither frequencies cause a
random fluctuation of the si gnal at each d i ther  hand .

The second order terms may he retained with some further modeling. The
intensity 1(P) is as sumed to he representative of the returned in t ens i ty  with g
and I being zer o-me alL processes for the temporal \r ariation of the glint  and
di ffuse returns. In this way , the temporal spectral spreading of the returned
i n tens i ty  may he modeled. That. is , g and T are perturbations of the returned
intens i ty  due to gi m t  and di ffiise chang ing.

Thus , the measurement equat i on is as given in E q. ( 1 2 ) .  Since speckle
in duc ed components wi t i eh e f fec t  sy ten i perfo rmance appear at the di ther  f t’  —

(ji~ ,nc ies , they are i n d i c t  ingu i  shab le i’rom the gradient vector COiiip OtiCii t s and
cann ot  ho separated nut by con v ei i t io i t a l  f i l t e r i n g  techniques . Howe ver , h\  t h e

tea’ of  optima l es t i~~:it  ion t cchii i  ques , I t can be discr iminated as titi des l i a b l e
si  giet I components. lu  fact  , au est imator is structured in Section I I I  I n
orde r to es t imate  the ~i’ad l ent , the speckle components , the g l i nt component

al l ) the targe t d i f fus e component.
The s t ructure  ol ’ the est i ln ator to be used is g i ven without  proof as i t  i s

t~c 1 1 known t o  the ~n i i t  m l  and est i lnation conn’nunity . Howe ver , the st r uctw c i s

t~ I VO~ for comp lete uiess  . ‘Pi e fi  i s t  fonmil  ation is that of au analog imp ] c- nenta-
ion of the est i mator . The p rocess x , which is an t i—v ec to r , is assun~ d a

evo l ve according to the  set of fon au l  f i r s t  order vector di fft - rent l a l  eqit-

t i o ns ,

~( t i  = f ( x ( t ) }  + G ( t ) u ( t )  ( 1 3 )

where u ( t  1 i s  a zero me an wit i te noise ni - vector ~ i th cova r i ance

!~{lO t)u( ) - Q~t )~~(t - r )

where •~ (~ ) the Di ta : ck - I ta It tact m u .  IDie authors are w e l l  awa re ~ t ’ the ito
i l ite f l)re t at  i (S~~ as i~e 11 as the eeiiera l structure of the i’e~ul t .  Howeve r , it is

forma l I zed for the sake o f the opt ics  conu tiun i t v .) The measurement equation for
the prou’ss x ( t )  is given as
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y ( t b  = h ( t J 1 x~ t )  + v(t) ( 14)

~here may he a vector in gene ral hut w i l l  he assumed to he a scalar since the
measurement of the process of concern is a scalar . The vector v ( t )  is zero

mean white noise process wi th  covariance 
-

•

E (v ( t ) v ( t ) }  = r ( t ) 6 ( t - T )

It is  assumed that u and v are unco r relateci . The approximate conditional mean
estimator for the nonlinear system is given as

x (t) = F(t)x + K ( t ) ~ y ( t )  - hT (t) x ( t ) }  ( 1 5 )

where x is the app roximate condi t ional  mean estimate ,

F ( t) = ~~~~~~~~~ ,

a i d

= 
P(t)h(t) IK(t) r(t) 

(1

w i t h

P I t )  = Ht)P~t) + P ( t ) F ( t ) 1 + G ( t l ( ~( t ) G ( t ) 1 
-

-r 11 8 )

r ( t )

The matrix P(t I is the approximate covariance mat ri x for the es t imat ion  e r ror ,
- 

~i , and the last term in Eq . ( 1 8 )  represents t h e ef fec t  of the measu remen t s

f t  the d i f f e r e n t i a l  equation for P( t - ) . The s t ructure  is cal led the extendc’d

t Kalma’~ c: ;t  L~, i t r  L , ~ 1. ‘ n t ’  t h a t  the matr ices  F , C , Q, and r (10 not have to
he t :,te var~~i h g .  It is important to t e a l  i that  the est imator t~e i~h s the

~~FO LCS S d narii c’ and the measurement s accordi ng to t h e i r  s ta t  ist ical  kno w led ge .

Also , as number of • ; 1sI1remeJi t ~ n rocesce~l i ncreases , if the es t imator  is
stab le , then he knowledge c~aiiied w i l l  i ncrease. This is si gn i  f ican t c i  iw ’e

some of the s I ~ ia1 p r i n  : ~5 iiu~ a lg or i t hms in use in current lv confi gured opt~ ca1
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systems lose information by not taking t h i s  fact  into account . The discrete

estimat ion algorithm may be easi ly establ ished and is not g i ven .
The above is an elementary discuss ion of esti lnat ion theory . Eor more

details and advanced techniques , Lt is suggested that the reader use the p re-
viously cited references for more information .

It suffices to say that  in orde r to obtain an est imator  that  w i l l
opt una Ii~ estimate ti-ic quantities in Iiq . ( 1 2 )  , it is necessary to obt ain a

• dynamic model structure as in Eqs . ( 1 3- 1 8 )  . Thus , dynamic stati s t ical  equ n-
t i oie for each term in Eq. (12) must be obtained. This is considered in the

next :~ection .

I l l . ~p~ckIe kIfects Mode1ip~

\s w as ind icated in the last sect ion , i t  is nocessa~v to take into accoun t
a l l  the  s t a t i s t i ca l  i t i fo rmation available about the process to he est imatee .
Part of t h e  s t a t i s t  i cal info rmat ion i s  derived from a p r io r i  models for the
t i ne vat v lug random phenomenon. TI-ti s a priori stat i :ct ic a l  in format ion is

contained in the models of the horn as given in Eq. (14) . Thus , in order h I
use the structure a~;; ear i rig i n the opt imal es t imator , we nust develop mode 1,;

:ch as these. Th i -c w i l l  he accomplished in th i s  sect i ct for speckle i nt~
active e f f e c t s  on t h e  adaptive a~~t i cs ~asc in (llIest ion .

i~e arc i i ’iteres ted in  o b t a i n i n g  a genera l express iOn i or the temporal

l 1 ~ ’ ’~ spectra l dens i iv  ( P SPI hot ’ I i’equet~ c s t ~ ncnt ~ gene t ;ite d by t a r t

-; r’etui’n dYnanu c spud . Ic .  Por the purposes of this develortuictit , at ‘t ni ck -

scatt er cai t sL:p l\  be cha r ac ter i  :c’d as h i t ~- lug  a specular  and a di flu’ . n i r t
The specular return prese eves the s p a t i a l  coherence of ti-ic in c i dent i l l  un i  -ia -

t lo u t .  I t  cmi i t a t es  t rout target regi otis idl icli are norma l r I  the mccc ivu l  1 iuie-
o f - s i  ~ it and have a smooth surla ,-c texture relat i ve to t h e  (1 ilitell S j o l t s  of the
inc id ent  wav e length  . ‘The di f fuse part u rn i nate front spat I a l i v  di st ri b i t ted
targe t reg i ons wi th in he beam i I luinitiation and are characterized by t h e genera l

ace roughness pu  pu i t  Ic: ;  and target geometry . Roth Goldfi schier — 
] and

(~~~u t ’ ~~j deve l op i d a  onships wh i ch give the s p at i a l  PSI) , ~ , s ’ )  , in terim~
of the convolut i Ott of the aHc’cl ii lut luat l on fun c t ion  p u ,V) . )Vc w i l l  use
these r ela~ fan s , aJ u- ’.cs inn t h e  a t o  l e t , ted i l l u m i n a t i o n  function (of an other-
w i s e  th ree dimensio ut a t a r g e t  sn ipe , and r e s u l t  i - i g  t u t g e t i llumiriated structure )

8
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i i i  the (u ,vj  plane , denoted p(u , v )  , as the sour ce of both specu la r and di f f use

returns . The object shape dictated normal inc ident point is located in P i g .  I

at the (u ,v) plane origin for convenience. The remaini n g dist r ib uted reg ions

in p( i i ,v) accoumt for the obj ect d i f fuse  hack scatter.  Emplo ying Goldfi scher ’ s

re la t ively simple fo nnulation for the Fraunhofe r case , we have

S ( , cij ~ffdudP(u ~ \’J P (
~ 

- 

~~~~~ 
v - . ( 19)

Or s i m p l y  s ta t ’~d , the spa t ia l  PSI) is the self convolution of the target s p a t i a l
i r r adiance  ( re fe r to 7 and ~8i for proof). The spati al ly d i s t r i bu t ed  ampli -

tiide of  p (u , v ) is di r ec t iv  relatable to the target specular reg ions and the
overall hackscat t er  diff use nature of the  r e f l e c t i n g  surface . The l a t t e r  is

general ly  cha racteri  :ed by the f a l l  o I l  of hackscattcred intens  i t  as ii

finict ion of incidence ang le. ‘The ~~s ul t s  are a comb ine d c h i e c t  of the t : I r : e t

sti r ’ l ’ace scat te r ing  prope i’t ies and t ar get  i i  luminated shape. Surface scat  t e n t  tig

can be measu red in the  lahorz iton ’ as \Ieno - Di rect ional or RI -Directional

Re lle ’taiicc data (Ml R or BDR ) for  fi atpl ate samples of the target  sur fa~ u
muter i  a 1 , g iv ing  scat t e r i u i g  behavior wi t ich is free of shape e f f e c t s ( no

geonvtr i  cal effects) . ‘flu s po in t  is  made to emphasize that thi ~ formulat i on

o P In , v ) nun t con ta in  the l ’ul 1 phenomenon of sui’face and - ;h ape scat te i’i  ng tot

: tu t ’ .’ art ictil:ir object given a sped t ied i i  l u n i n a t i oti l ’ujict ion 1) 11 t h a t  o bj e c t .

it  j c  i s  a t ’r i ’ t i dah I -  task from in an a i c t  i c a !  approach for c or t ip l ex  t:ir ~’et

s I  m e t  tires , hut  mcasonah Iv pe r fo  ruied c i i i  (‘ompi u te r  t arget  shap e dceontpos i t  l i t

t echit i ques w h o  t ’e I aboratorv W)R data cat be used di rect lv lot’ scat te ri ta

cal  en )  at ions . ‘l’he fol l o w i n ~ d i s c u s s  ion of shape t’espons i ~ e spat i i i i  i’Sl ) uses

t hu is object shape dc’compos i t  j ol t  approach . iii i s  in volves sep : I i ’;lt i rig a CUllill ) l e x

st ritetured targe t in to  i t s  Iuii dainental geon ictr i  cal shapes , i dent i lv i  t t~- iL
p r o j e c t e d  si l i l n u e t t e  of each shape on t o  the ( ut , v l  plan e , wx’ i ~‘iit l I i ~ t h i s

in’oiC ct  ion by the beam i I l u m i t i a t  ion out l inc . iir s] not  i n s  t I ) i T h 5 l I  i h l ( ’ id (  r t

p oi n t  i rCt (!eltced ;s t h e  sctirce of t a rge t  s cat t e r ed  g i j u t  -~ local l o t s out

each iea~n we i gbi te d shi ; ip c n i l  houc t te .

The mechanics ot’ the con~ ti tc ’ r shal L’ decomposit ion app i’e;tc i fr u’ — p  it i i i i

I’S)) ‘u icuul ar 10715 , s i  n m l v  a i i i  :c the ;ihave ~tn t e d  mel ati e nd-i i p of p l o .  v i  and

(1

p.- ~~
--, 

~~~~~~ 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘-- — ~- —



Si- k~,:~) i w n ’  1- hoir l i t i et ’ t ’-ie ‘ e l f  eeutv’o’Itit t m u t ‘, : e  d l - ’ .— crr t ’. ~:a 1 -i 1 ) 1  n :ich

i ” c:u ’t wc- i :hted ‘~I si ’ne S i  l a ’ ’ ;  ~~l Wi t i ’ ~e l (  :i’.. i..i th i l l  ot  ‘ ‘ I  I ) h i t i : i t t i , ~ t

, .. \ f l h t l o r t  :ti .t coi:~ ‘i d -  t -aI  10 5 l C ~~ lf l i i ~~’ I~ I Ii ~II ii t hi ~‘ ;S(~ 0 1 : i d , ; t

opt i cs is  ti t’ F fe e~ I ye .1 i t h - s  I as 1 ii i , ’ - t i l l  lw: cit lo l l  D U c t  I ( ) I H  n i t  i di (Id - It UI

j V t ~ Ne~~ ~~~~~~~~ (~~~~ ‘flJ v ’mstin t ilL I ’S Ol i i  l u e i r : t t  i t :  s i t  j c l t  is ~~~ i t i v i ’

N) h e  .‘slaptivc’ co i :n - t ’ :a ’i tc ’ ‘ ‘‘e d i t ie : ;  1t ~U t ’• ’ i i S t : i i . t  (~~ I T  I . ’ . I’ ~~ hO m o l t  i -

di t i t e r es;iapie consi- !ere.i L i ’ ’ wi  N - se p - i r a t e  ( se g n i e i t h ’ d  adapt i ce  ~ i m h ;u r ~~r tu i r e s

Iii m olt id it hu t :otu I h t ’ i ’ I c - i t ’ i ~ t at  j e t  ci i sc i~ , tw o i l l u i u i i t a t  i t :  ti :ict ions ‘lis t be
consi de red . Ihe se tIC t he  1 a t - ~~’..’t i l 1 i i ~c h n i t i o u t  ~a i t t e i ’t i s  n- s c i :i t-;d w i t h  e’ i ’ .’h

:;imHt p”i ’t w’c’ di thered chamimi el , dr i  “cit at som e d i t her fre;~- mc ’t :v A1
1 

for i = 1

- li thet chittutels , 111111 t i le  CO IIttm ’’ i t alia! t i c e  cent m l  t une d  i l  lumi t,;it :ei;

Sf; L i t  i t - -ai l t  s , at  IC Ni ’ c’ut aim! i s  ‘e t i s i t  er 1’  the adapt. i “ci” cOnit rot i t ’d

- ‘ • ( ;, ‘ ‘ ‘~ o m \ ( l Y c ’ l i  V S t i  te

1 :005 du r t ig the “ - ftc i eat I ’  cilia ’s- - I l utn i nat ‘ti ~~ ’ U N mit fir st , ne

I s t i t 1 ic i l l  itt i ;:i t ~- t ,  to -~f ii rd t :1 tap - SheOL s i  ihouc t t e  are a. - ‘ ku-i t r i ’  e n s  . , t

i i e j l !  ‘ u s e pot ts ( t a t  n t  gl i~ t a n ; ! cpc cui ri r c u l u c n ~ ) . The c e l l  coulco t It iOn

0 a s t ( i ; l i t;t ~ a (i t , c ’j  - I  u ’  ~p ;i t  al lv i n i t  nites t nia l value v i~~ldc 1

( i i  - f iv  1 i’;i~e’i itl i c t e  low - ‘ i t i i i  I t ’c , t u c ’ !; c’v (‘ n i H  coo t t i b e t  ion t v  t i c  ‘nh . as
51 )1,1 : j~ I t~’ . ~~~. d~~ sd i’ ei’iivi ltm t lOll of sLiT ’ u S i  Ihnueite s :‘ inS -;p ; t a l i v

H ‘ 1! t a, I p 1 tine ) is 1 ‘SI r i n  maci t it tide - - it mer e  exteits i vu “ sfl r c a -

i t  h e  m ’ s’ ’ i s v  hr ’ ’ 1 t as - x c . f i n -  cut O I l  o f ’ t h i s  Lpi ’ead in ieee t ’~ ; -  ly

i~ l I t ’ !  ~n N its - , I t ”t ’ a S i O u t  of ’ the  t i , ’:) i lan ( ’ p r o m - Ct ion  o~ t i c ’ 1 : 1 ;  - .5

‘U li;t’ - ’nt 1 ; .  fl~ i i  ,l~~~s ~ ( li’L - I ; t t  t o i l  I f  tie ’ dither siihtinerhii’e i l i m i t i ’m  s t t - i

t i l e  i t : — ’ t t l t ’ i S i  ‘tutu; - ’ ’ i i  l t J f l h i T , S t i O i t  i ’  l i t  i~e i t C t ; l  s p a t i a l  H bro ade r than i ii- . -

s e lf ~‘ i ; e i l \ ’ i  stumiune d i i lim i t ‘ i t  ion  h t t t  n i t - cut  I ow e i  i t ;  ¶ ft’ lk t u a p l i t  ode due tO

Intui t idith er i nmp lem ei tt ;it ion ~ p r ’si ’chr ’~ shich msi ii i:it ’ eL, a \ ’erv small f r- eU b i t  of

the I t o h  be am ‘-O5~~ l ’ st eta,’!; di t her fi ’cq uencv . Th i s  it i titlia t ion is typical lv
V ‘ l c”n s than lOt . and is  usual lv i t ,  t h e  o t L k  r ol  to P~. t~ t t h  t ’ef;,’i ’c;’cc to

t,h1 ,’ Io n  sca le  emplswed lii i - m g .  L’ , thc ’ c r n s ’n - e o r i e l a t t o n terms in 1] hi,’

I ‘- p i e:i I I  v i S  to 17 d;i be l ow’ In ’ i i t t  t o f l t  i t  11! it ~ t c’t’ia,s .

it u-i earl jet ’ . id s i t  i s  needed i s  l i t ’ - I c’cipoi ;u i 1’H . sin c e  c~s~~
-
~ Ic’

• j f l f l  i S  n” . r e l ;t t  1 \‘e tai t I i:;; i’~’st 1 ‘n, t h  - sp il Ud ~~~) t  s i l l  he t e .r~~~’, i l  lv

‘ i H i , : t c - 11 be etc t tii nt  ‘1 l w :  . iv i ;n ic s . I h i s  d l i i  be ii ‘ - , ‘O’Si’flt,( t(S f as

5’’ 1 ino t jolt 0 ‘ c tn ’r  ; :  i t  i n s  ‘ :L LIa t  ce  ‘ ‘ ; ; t  m i t  I I - a l e t  I ye —tr ,’trch u~ l

lock ’ i~~ dc’itact m es lot a ~ l o t  po i itt or  i des i g:sst ‘1 t ; l r g u l  1 ’  1 1 III • 01’ 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~ ~.. - ‘- ~~~~~ ~~~ - ,~~~~~~~ —
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s i t m i p l y  dictated by target spin or apparent ani~ul ar rate dime t o  ft I tht ,fc u;.~; m ~ s

I ’ mot ion effects arc s imply  associated w i t h  an e f f e c t i ve  t : u u ’ cc’t rot t i l  m e  .

then the temporal PSI) can he sini~i l y  dei’i vet! f rom ti le spat i i i  )‘5 i~ h~ I n n  I t  i i ”  t u g

t in sd f-co nvolution components by 2~h .  ‘I’hc cro ss-com ’i’c’ l o t  ion t ’r 11~ ~io’ iii

lated by the dither carrier  freq uencies , I i , an t t he e f fect ive (‘ H ich
gc tiei ’ates a frequency spread i t t  the temporal PSD Compolle t lt n i’e l ; t t  -d to 1, lw

u n ti l  t j i m  t i t e r  subape rat mime Cont ri but j olts . ‘Vh s’ resulting t u m o r  i i  P S ( ( i s s h t : i  I

is disp l ayed i n  Fig.  2. Only a point rece iver case is chosen. For  tu tv

sh e-cl l ie : - \ s t  em con Ii s,u rat  ion , tim e PSI ) m uSt be fur ther  Ice ghted by the
sp tu t  I al t raits f e r  fune t j olt  ;msoc ’i at ed w i t h  the rece i ver di anmeter. ti ll s

w it! resul t in a u’edue’ed cf) OiS t ruin c o u t t e tm t i r t  the speck le i i i d m u u ,’cd PSI ) and
modi Ii cat ion of ’ cc rt .’i I l l  frequency component peaks. I-lowe t s r , in o rder to
add ress the wo rse case cond i t ion and to choose a genera l lormulat i oil , ;1 ps t n t
mccc it ’s r is mo re ap p rop r ma te ly  mn oclcle d here . Ii i  t h i s  moLk’ I i r i s  case , t i e

imp omt a l l t  tc- 1 1:1:; are the \‘ari outs ~j ’ ect cal peaks associated ~‘~i th the  g l i n t

d i f f u s e , and c ross cor re la t e d  d i t he r  si gical l i k e  noise coat r ihu t i i is t e s t ’s

f l t ei- t are sh own in h i  : .

Thu s, i- i n, . 2 ilI u s t t :ittn n thi  temporal power spect n~n fo~utd . I’he I C I I ’p I  ‘1 . 1

np c ’ct rum n IflUV 110W he ii  ‘ rd t o  I u~ l the  i te ~’c ’cstm r ” s ta te  node I ~ as in  I - u . (1 3 I

The procedure i s to f i n d  ta anu ly t ica I and rat I onal expu ’ c- ~s lout (‘or the I t  ‘ilt )( 1 1:1 1

1 S t )  ;nz d then to use t h c ’  ~‘: - l l  kci ’t- .’ t1 e\ pi ’ unSs lo u t

7
H(j n ’ )  S ( t ~ } t 2 ’  I

‘ 

r e l t i t i  I ig  the r e qu t i r ed  I’S)) to a I i nc u r  shaping l ilt o t - (l1 (j ’~i ( I dr m~’en n v

u n i t \ ’  t ” J r i l U t c’e w h i t e  t i o i n e .  Ilic ’ u ’ e a I i : - m t i n l l  oh ’ W~~c )  w i l l  p tc ’c  i~ the I t -

di f ’ l’e rent I a ]  e i 1mta t  ions .

‘The PSI) for each of the speck Ic )m ’occsne ; are 110W resen t ~i. i - n t  t h t (

g l i n t , it is ,,csumed that t ime’ PS)) is

2 i3 o
‘,

~ ( i  ~~~~~~~~~ f l (
+ P

g

where 2 l 2/ ~ i s  the ~et’n ( t i  ‘Itu enc \’ amplu t  ide ia t h e  g I j u t  and ‘ i n  the

c o m i c -  T a t  ion cons ton i ( n  i t t i l to the i n v e I ’sC of the c o r r e l a t io n  t it it e) . The

11

I
;
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co rrelat ion t ~me is as ,surt ’icd l arge . This gives  a low frequen cy cur of ’I ’ lou t ine

mode l as the phys I cs depic ts .  \ s I it mi la r model m ay ’ be deduced for the d i  if ’ii’-s ’

i nduced corriponctit . ‘ft s v i ci  ds

S1~~~
) = -

~~
‘ -

~~
-
~~

--
~~~~~ 

. (~f2  I

‘fl ’ ’ - t i t h e r  correlated comj ) orleult ~’ require a di ffer eiit  mode l . flI nt ’ ‘mm dc is  a i’e
ot  t h e  for m for each d it l ier  frequency

~~~ H~ 
= -

~~~~~ 

I ~~~ I

e I ~ e 1 ’ c’ = 1 , . . . ,  t j  i i i ’ of the  n u d e r  of ~~~~~, w~~. i 1, . . . ,  q are the

di th ’r frequelle ies , m c i  ~~~ • 
2 
, = , . . , q are alfipi i t mude  seal lug  ~~i I r’amn’te u’s .

I i i t ’~-e man’ he i t  a l i m e d  05 l i t  lippro x i inn t  iou to t ime ac tuua ~ 0511 cmn ’vcs found Iron

i ~‘ tm m ’e 2 .  f 1 :-s ” arc adequate rat  i sr ,al annrox i ’nrnit s to the n c t t m ; u  I fl$1)ç I~~’’

i’~q. (2l 1 ) and spect ral  t a c to i ’ j zat ion vie 1(15 time f o l lowi n g  di ffc ’ m ’ent l u l  equal m o m ..

for  the mode Is , I . e.

= t: ,, g + v”~ P O , t l 
, ,

I -‘~~~~ :v + i ’’:
I

’ 
~

. u 1,

=

c

‘r ~ ‘
~ — t . ’S + i ,~ t , , I = 1 , . . . , i i

I’
j 

t ’ ~~ I I I i

a , , c i  u~ , t = I . . . . , q tot :i’m ’o nietu1 whi te I n  151 , ’ l i i i :

~ , n t ’ 1 l l I i t ’O tut~,l t ulcnrm ’c’I i tl ~,i t~ i t h t  ~‘ ; ic i i  O t h’I ’ .

li ~ cu~~’ 1  ‘ i c i e i i ~ s nov n dct ; ’ m ’ ’ i nc ’st t h im ’o u ig lm ph c ’ s i c a i  , i ton i t ’J p- , e~ )” i i t  5 -

ri

‘ 

data , or 1w on— line use o m adapt t t i -  c-s t imat  inn I . 1 lie t t - ~c- 01 t i i  i s  I ‘ ‘ l i i i  L i
~
is

w i l l  c ’ie ld the op t i ma l est  j umit o m ’ . l ime  c o e ft  i c i e n t s  mav oc le . i t ’mmcd as t ! i  - tida 1 -

tive opt ics  s , ~~’t e t ; i  is  u t i l u : e d .
1 ’

1 ’
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Thus , equations (2 1-2 1 ) y i e ld  the temporally va~~’ing s ta t is t ica l  infoma-
t ion about tile speckle process in a fonn suitable for inclusion into the

optima l est imator .  The next sect ion discusses the remaining model s nec ess ;nm’v
-
‘ for the estimator and develops the est imator  equat i ons for implementation .

I I I .  l~~t i a t io~j~~mations

The basic problem that is  to he addressed is that of est imating the

gradient sector ar / ~ P as t h i s  is the si gnal t iecessar to adj ust the par ;nnete i’~~
This section develops the ren m ain ing models rlecessarv to accomplish this  est ian-
t i om i as wel l  as the est imat i on of ~ the speckle contponents , and develops 1)0th
thiS continuous est imator and the discrete estimator for this  class of problems .

‘l ’he remain ing  nlodel s necessary for the estlmator structure arc tenipot ’ztl
io Ic-l s for I (i~ ai-md ~ h I P .  From equat ion (10) it may be noted that

~l ± =  ~ I ’d
(It P ~It 

- —‘

t ich g ices t h e  necess:l rv t l \ - m ll mi  i c equ i lt  i On for I .  I f in E~~. ( f l u  time paratne t (‘1’

rut ’ he wr i t t e n  as

=

~~

t h en o I i  limitin g process a l e T  ds that

“I’

f l u )dt~~~
’ k ’ IP k

and Eq . I 32 )  tmiav he w r i t t e n  t i n

III 
- ~ 1

’
~

’ 
~ l- I -; - . ( - ‘ )

There are s -era] rnctl n~ t h o t  mcmv he ised t o  mode l the dynamic ch ange in the
gradient. It may he umoted t ha t  s ince the second p a i ’t ia ls arc modulated in to

13 11
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the signal (Eq . (5)), appropriate processing will y ield the mat rix B~!,”~P’.
Then

d , ‘~I ~
2 I dPa~ k ~j ’~~) = ( Z R )

or , using Eq. )33)

d 
~~~~~~ ~~~i i~ L~ fl u)d t \ ~~P~ k ~~~~~~~~

- ‘ Since the n~u t r i x ~
2 I / ; ’~P c ;um m i ot  be extracted noiselessly , process noise must c

added to t h i s  equat lou i i i  o rder to assure the proper irn ccrtai nty leve l in ti is

eq uat torl. This y ie lds

d ~~ i ~~2 j (~~I
~~~~

(
~~

-
~~

) -  l V T ~~~~~~
/ + w  (3 () 1

t%h e re w i ’~ assu med to he wh i t s  noise , zero mean wi th  variance

ht . w( t)w’ ~~ 
= Q~

(t)6(t r)

~uw , anothe r ci u i ant i a tmo d~’ I la m ’ shor t tc~~ modeling for the dv nma n m i c ch tm t mge i i i

the a radi cu t nm a v he

d ~I --~~~~ 
( - -— - = - V ( ~i

dt ’~~I 1 ’

t%hC t ’° each element of v is  a process

= + 
~~~~~~~~~~ Oj Uv i ,  I = 1 , . . .,  g ( 3 2 )

it i t i t  ~r i t  l a l  i’oitdil  lOu t

\-‘ . V  > 0

1-1



wh ere u~. is zero mean t unit y ’ variance white noise. ‘flu ’ coi’relat iou time is

- I 
chosen oii the order (if the ex’pect ed conve rt~ence t i me .  The i i i i  t l o t  couid I t i on

is chosen to represent the tmegat i ye change mit the grad ict tt b r  a coi t\’c u’g~’n

process. The choice of corm’elat iou time as suggested will  y ield a mode l that

gives a deca of the gradient front some positive value to a lIuctuat lout about

zero caused by tile process noise. This model for short time in t e r v a l s  a l I O ~s:

for a dvnwnical ly vary iuig gi’adiet;t vectoi’. t i l l s  effect w i l l he stud led in
mo re detail  when the estimator has hecii devel oped .

Eqs. (2 M -32 ) y i e ld  the necessary dvu u anmi c models for the e s t i m i t i t o r .  i t
may he noted that this  system of cli f feret i t  j u l  equat ions nov he ;4aced i i t o  t ime

- 

- 
for m of Eq. 13) whe re the s tate  vector  x is

= [ l ( ~~) ,  I-~~r 1 , 
~~~~

, . . . S , x~~~, . . . x , v , ! ,g~~ . (3 3

file nrcasuretttetm t e q i t t t t  iou mfl ; i\ ’ be t’~’ a i t  tent  in the fo rm o (~ i . (I 2) is

1(P)

v ( t )  = k ( : ) ) I ,~, , ; ’ , l , l , . . . , 1 , O , 0 , l , l t  + I

-r

g 
—

idtei ’c’ s I S tile vec to r  eons i -t  i j m ~~ o h ’ the e le meui t s n .  , . . . . s  t n d x i t ~ t ime
\‘~- i:tor COIlS ~t Lug of time ci c’uOl,t 5 X: 

‘ 
X~

The stnicture as c~i v erm i i i  l o s .  24-32 may be ap pl ied t o  ~~ ( i S )  to y i e l d

time c~timnato r

C’ 15
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I t V~ i -

v i  -
x 1(P)

H I~~”~~~~~~~~

’ I
= . + K. y- k ) 

~) ~I ,J , I , 1 ,... ,1 ,m ) .t i ,l ,lI

V

•
g 

~~‘~ ( 
( j  I

V I

LH L i ’ 

J
wi cre the g u i l t  K i s  comp uted t-’ i t Eq . I~~) idit ’i’ ’

P 1 2 
11

i 3 1 ] )  I’ J 5 P 1~ I’ ~ 1
P 1 1 )3 P

2 
P25 P,~ P 17

P P P 1’ P P I

1~ 23 34 ,u, -

- - ‘ I I ~~~_ P P 11 1
1 1  1 ,‘) 1 1 , ~

( I

I I  P P P p P10 25 35 45 Sn 0

I > I’ 1
I t -  In 5~ J

- 1~~~ ~~~ P r l y I ( j
n~ i th the elenmcmm t P1 he lu g the cot’:tri at l cc of the est  t r o t  I on en  fl’ lou’ I . tic
d i u ~oim a ls P , 1 be ing tin’ cov ;nn iam cn of time (S~~~~ l i - r u t  I l l  ct ’ t’ni ’ Hr  ‘ ‘ I , and -o
forth. i’he cross telu in m’epresemi t - ‘nm’ re i at i ‘ ims ‘CI \ ( ‘  0 1 - I - ” . .

-
‘ i’nt ’ ’ 1 c’tor Ii l i t  ,ti . 1 I

H ~
‘ I., : 1 1 1  , 

; i 
. 1 , 1 , . . • , ~ , , I i i  .
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The matr ix  ~ may he calculated from Eq. (18) where

P) 1 2
~

’
kv i 1, . ..  , 2~kV

l
I , 0 , . . . ,  0, 0,.. .0,0,0,.. .0 , 0 , 0

0, (I , . . .,  0 , 0 , . . . ,  0 , 0 , . . . 0 , -l ,0 , . . 0 , 0 , I

- ‘ 
0, U , . . . , 0 , 0 ,. . . , 0 , 0 , . .  .0 , 0 , -i ,. .0 , 0 , 0

Ii , (I , . . .,  (1 , 0 , . . .,  0 , 0 , . . .0 ,0 ,0 , . . -l , 0 , 0
I) , . . . , I) , 0 , . . . , 0 , 1, 0 , . . .0 , 0 ,0 , . . .0 , 0 , t I

- I I) , I) (I , 0 ,. . . , 0 , 0, 1 ,.. .I) ,0 ,Q ,. . .0 , 0 , (1

= 

1 , 0 0 , 0 , . . . , 0, (1, . . . 0,l ,0,...t1 , 0 , I i

0 I) , — c ~ 
‘ ,0 , . . .0 , — 

~~~ 
,i)  , . . . I) , 0 , . ( I  , 1

(1 , I t  , .  . . , I )  , ( I , . .  . ~Wq
2
~ U~ . . . - ,0 , . .  .0 , 0 , t )

0 , 1 , . . . , (I , I) , . . . , 0 , —
It. , 0 ,.  . .0 , 0 I)

(I , it (I , ( I , . . .0 , )) , (1 , ,. .  -
‘ U , 0

0 , It , . . . , (I , , . . .0 , (1 - -
~‘i’ U

0 , c m I t  , 1 , . .  .0 , 1) 1 
‘ 

0 ,
-

- ‘1

-‘4

1 —  ‘4
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0 , 0 ,... 0, 0, . . . 0, 0, 0 
—

0, 0,... 0, 0, . ..  0, 0, 0

G~~,O , . . .  0 , 0 , . . .  0 , 0 , 0

= 0 , O~~~~•O g~ 0 , . . .  0 , 0 , 0

0 , 1) , . . .  ~~~~~~ r~~, ,0 ,. .0 , 0 , 0

0, 0,... 0 , 0 , . ..  ~~~~~~~~~~~~ a~, , 0, 1)
q (~

t ) , 0 , . . .  (1 , 0 , . . .  0 , /2~~, ~~~ 0

0, 0 , . . .  0 , 0 , . . .  Ii, 0 , ~~~~~~ 0

and Q tnmc a l to in 2q 2 id e i t t  i t \  mat u ’ i x .  It nov he noted that ~f/B.x is a

51 ’t11 ’ O ’  m; t  r i x .  Tim is  fact  r’tu ~’ he i sect to ci imiumate mafl\ ’ 01’ the imuterconn ect ions
ti i t , l , thu s , nup i I ly t he  equtit io im s .

i’h i’; si ‘uctiu’e t-; i Il v Ic hi t h e  est i ln ate of the phvs i cal var iables to i)e
C~ t in t l  I ci. I I I  f. t ( ‘ 1  I t  i’d - m ’ tipo u ’ OX I t a u t  I ma to the c o u md i t ional meaim nmay he obt im i  umc ’ d

as w e l l  ui ; t In ’ p a u t  I a !  i t i t ca ’ t ’ ; u l  equat l ou t of the c o u m h i t i o n i m l pm ’ohahi l  I ty
, c tents I tv  fuuu1,’t iOu ) . I ‘ua”Ve i ’ , t i n e  comp l ex  i ty of the structure i s  not w ct ’ t i i  t u e

addit i onal v l’t ’ort . i u i ~ , the  above ‘,‘i c Ids the extend ed K al m au i est iulua to r  . 1 hi ’

flt,’\t sect 101 COI l S idet ’s a can t m c I  philosophy.

IV. Cot jop hj

The problenm is to m a x i m i z e  the intc t is it V at the far f i e ld  by ad i us tm emlt
of the pertinent system pa) ’anr~ ters . These parameters may inc l ude phase h a ~es

in segmented mirror s mu ’ a de formahlc mirror  and the focal l eu i g th  of a tele-
St ’ )Iic~ tIaoumg other p it r ;min et c  ~ . Plc int em l s  i t)’ is a stochastic process due to

p er t t1 t -ba tio ns of t h i s  phenomena . The rerfo rmance index ~1 is ei~’en as

. 1 (P )  = max EfI(p ) (40)
,1-
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whe re is d ~c~u m st ra i n t  set for P and li {. } denotes the expected value ove r all

rea l iza t ions , the condition for optimization is that the stochastic gradient
must t ’~ equa l to zero, i .e.,

F = 0 (41)

where interchange of expectation and cli t t’er ci~t i at ion has occurred. I’he es t iota

t on :tlgori thun yields a best es t imate  of t h i s  s tochast ic  grad ie n t .  Thus , the

algori thm to adjust the paramete rs in order to accomplish the h i l l  c l imb in g
to teach the stationary point  as depicted i i i  E q .  (9) is

P = I ’ + - , I ( 1 ’ tk+ l k k

wh ere is a g ivec u sequence ft~~ , 1 2 ’~~~’ ’  k ’  k~ 
to be chm-~en and V~ I i~

the estimator est im :itc for V I .
The gain sequ ence , - k nm u i~t ht ’ dtoscn to t ssune conyei ’gem ice of the ~u I g o t ’ i t t n i -

I’mirtfmcninoi’e , i is deS i m b  Ic that tin L’Of ,’~’C I’(n ctL(’ by 10c’( i, Ierat ed.  ‘f ile method —

oIo~z” for choos lu g  t i le gai mm sequence comes from stochast iv  app rox imat fou l [9

I Ibis is not aim exhtmus ti  ye bibl iograp hy .  See j 10 1 f o r  a more complete h i h l  io-
grap hy .  ) ‘this  pape r is not intended to sun, ’ev t i l l  e x i s t  in ig  str ,c-has t ic cnpPl ’oXi

mat iou mnetho(,L~ . I k m c t e u ’ , i t  i s  s m m I ’ f i  d ent to ° o l l m t  ot it  that I I t~- gin in s’oqtieui.’e

~: ~ need h o t  he ~-xcec ’di l iL t  l v  c’Oi:p l e x .  For t ’xi u l q Ic ’ , I I t i me st  o dl i : I ”- t  c g rad len t

Ii~ H P )  P )  , wiuc me i t  I .~ t l imed Ott P , is stw ’li that

JN F [(p~p0~ I IY 1 (P)IPI I 0 , ~~ - - ‘

1 ‘ ‘ ‘ — I P — P

and i f  t he est m ated gradient is such tha t

i ;~~ 
~~~~ 

‘I 

i l l  ~~~~ ~~~~~~ I ) , it ci i l- ) )

~itere P° I ~ t i ) , ’ v o l  a’ of the partuncte a max i u n i 7 ing time int cn :~ I ty, then the
sequ,~uice of ~a h i S  t hat  sat is lv

4 ,

it ’
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~ ~~~~~~~~~ = (‘45)
k

and

w i l l  yield £Ui algorithm conve r gent ium umean square and n i t  It uroh ah i lit)’ one ,
i.e.,

Prob ~~~~~ 1’k 
= p0 t  

~~~, (4b)

ftc use of acce Ic rated convcr geumce methods can he e t s  dv t ormu Li t  -U h ot:

e x i s t 1  u ig control litt: ’i ’ature. ihe  ph i  losophy of’ usi ng st a ’has t i c  tm p pl ’o\ nit mci

was i~ u yen in this sec t ion.  ‘l iii’ r lext sect ion consider’s I t i c’ i n c  of th e c’st m ’ t a t  a

ic-n the autofocus problem .

\ ‘ . t LtiatiO Ul~ AlitOfOCU51H~t

An active auto focus i mig schem e has been described in re Ic rence I l l
i~t l:, i cat 1 this scheme cons is t 5 I f  adap t ing  the foca 1. len gth liv ~i f lUS O 1 (Ia ]  l~’
pe i’t orb i umg tim e di stau i ve between t i m e  seco’idtm m’y m m m i  r ro  r and the prin itny mirror 01
a :O5SC ~ rain te lescoi~e. ‘i ’h i a ac Il  t ms t nen t  coul t i noes t~~it i i  t i le  i u t t e t i s  i cv I S

m a x i m u m zed. The schenie i n  11 cam i hi ’ c l a s s  i I i ’ ’~i as a s l u m m i s o i d a l  PCI tur ’h :mt ioim

adapt IVC con t ro l l e r  as m i r e v i o r u s l v  (le n ~‘CLI ~li this Paper. T h i s  sect non g ives

t im e m ’ ,’sult s ml  app l I cat  ion of t im - est m a t  ion t h i s  prol l t - a .

The m easurem ent eqiuat i ott c u i  he lmu m c t  lona l i v  w m’i t t c - u  as

v k z ~ { I d )  + ~~~ t . + ~ + ‘r + ~~ ( I ~~)- c~i ( I ~1

wherr -~ ~s tin’ ( l i s t Ok ’c’ bet m a i m i te  p ri una iy and secouida~~’ mi r’i’or’ (see iig . 3).

The i k’ Is are as g I veit p revious iv for the speckle mc turn , in te ut s  it)’ and - 4
gradient.

The SII ,’mulat 1 0115 ~Crc ~~‘ i- , d t n c , t c d by usina ‘ ‘~‘1 1 known a u l O l y t  ical expressions
for the inteus it~ o I

’ a focused , aperatured Gau ss iwm laser.  ‘ I ! m Ls , the i n t ens i ty

2
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at J was ca1c~i iat ed by use of the analvt ical expression ton I i i i  r ef ’e r et ,ct ’ ~12
ai~ i th e exp i ’essiomm relat ing the focal length to d. An a r t a l v t  ica l  expression
for :~i/ ~d may he obtained from

= P1 ~f

~ f U

whe re ~i 1,’-~f may he expl ic i  t l v  calculated from reference (121 and ~f/~d ma’~ h~’
l i v  dete rmined. ‘i’he st’teck Ic u t oi  Se ~.as sinmulated us i i i u ~ the shap ing l’i I tel’

n~ del as in equat ion ( 24 )  w i t h  app ropriate white driving noise.  These are

~~d to fo rm the ine a s iur en me t mta in the s imulat ions . The es t ima t or is then used
t t  determine the best es t imates  (‘or t~tc gradi ent and speckle.  The square
roots of the diagon al  elements of the covariance matrix g ives the measure of
the standard dt- v t at i a m  m l  the est iinat ion error.  These are plotted in Figures

ii. lii ad~I m t iou i , 2 i 0  I Mont e Car lo  r1,~ms were conducted to ascertain tine effect7
o h (as n o n l iu ic ar i t  ies i i i  the ~ysteln dvn ain i cs.  See Fi gur e 4. Figure 7 ic ’lds
tl: e cL-u t t e r  v :m l r i e  cit t h e  sep: i i ’: it  t I t i  d isitmn ce between the pI’i umtin rv and secondar’

tm i rrot’s

‘Ihe rr~ del log approach s thus hosed on Eq. (12) , where ki :,) is an effect iv- .

range and t om ’~e t scat ic r  ing dependent i imt ens i t)’ s c a l i n g  factor , 1 (P) , is  based

m i t  th u - auto t (I i _O1S ctm sc di scus sed m u  Ret’. [12 j , amid speckle i.ndt mLc d fact c - m”~ , ‘i d
‘J ’ am id g ti me di ’ i.i ved t (  r t lie t :l1’.cet range and dyutamn i cs assoc m tied wi th ii- it

e\,mn)Ie. The inc1tio~ t a m of t l t~ spec k l e  related i t i t ( ’ t ’~ic ’t I V C c ’ f l c - C t s  I t s  m i n t

been emits ide ned earl her’ , amid tm l Ions the autoloctis c’xoiTif)I c’ to he nmo m ’e tet I i Ic

~~ ~~~ a ~~~~~~~~~~ 1 c m  i ~ ler ~’u t t  at eu Ioxam ~’- l  c.

lime phi’ - m L i i i va m ’t oh les tise d i t t  the s i mn u I at ions m~.e re

= 1 .1 i~ 1
I = S0() •-~

r . = ( I~ v ( seL ’ond lcu ~’ t ’ad ius  of ec i t ’v a t i m i ’e ’)

= 1 I m imo !\ m m d  i us nt cii m ’v’it nrc )

ci ~ P .  ~9I2 ~ ( c i t  I i spacing)

‘U ( d l  t h e m ’  ] ‘ngth)

-: ) )  i i i  the t - cct is rate I

~~fd = - I

a = ~~~~~~~~~ ~t

—~ t ) .,~ ~) ‘-1
= i i  I I ’l t

~~Li___ -j



— — -‘ -~~~~~~ 

-—-~~~ ~~~~~~~ ~~~~~~~~~

—‘

~~~

--

~~

target apparen t brightness width

- ;  = I M
= 10 inn / s  100 mr/s
apparent angul mr rotation rate

~g = S l l Z
i
~

,1, = 3d i i :

~ m = 5 11:ci
= 5K Ii:

— 
g

-‘ = 100
cm

-~ 0 .1
V

The van ;utc e dot’ to ~ eckle ( s ~ 1 
) at d i the r carriers is large due to changes iii

apparent rotat iot m and apparemit ~1Sflec’t t u t t le changes ‘:i t im I i i  ght . The l ar ge

m:mg u t i tude for I m c d i  c~m t e s  I i t t  ic te penal c o m ’r e i a t i o m  I’rnmt m up date to tm p dat c

fnr  the correction loop . ‘lime est i mitator update rate wit s  1K IL’ m~’lii Ic tim e d i

fo cu s was d r i v e n  at 1
~ 

= 1K I I : .
It is assumed tha t t ime c’~~t ~ a n t o r  uses a x ’tuig e -dopp let ’  t r~nc ke r fo i’ imtuidoee i

gi \ - ’i m c c ~ a yalta ’ of ram i ct e am id a va l ue of the m’otat ion rate :ms

dopp ler  ‘

i- ,’ht~’ 11, ’

‘ I N  — 
‘
. . 14  / h  I

ami d may ea ic iiitl te I fnont - - . -

n . 
‘ - ‘ ( ‘

N ( ~~~ m~~~
-

~~~ f 
l~

l i e  ‘n’oh hem ‘f aim 1Uic ~’ rt a l u .  a 1 1 iOi at e  w i l l  at  be t t e n t e d  here . It  j 
-

su f f i c e s  to - m y  t h a t  : i c l t c p t  i ’ ’ , ’ c - r  tr ai t k-mi tech t i l k ’ S  ~~t \  5’ Use d to  ~uit ~ipt opel.

t h i s  ~‘a r iah t e .
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Return i lIg no’~. to ti me est i im iato r equations , it can he noted tha t in  order
to e s t i m a t e  g,  ‘I and ~~ , inlo uimsit ion must be avai lable  of the target appare nt
angula r mot i 1m , , and bri ghtness length , -

~~ 

. The latter con be dem ’ i ved I’rom
the previous cons ider Lm t ion . Fo cii- ~ est im i mat io n can he determined fm ’oim t the
di the r focus contro l servo ( v tm l uc ’ ’i of 1(d 0) which optimi :e 1 ~,:, f)  . An gul ar
u ’; tt  s can be Lk-r i red fr om either ti dopp.i er ucmeasu i ’emeit t , or speckle i nduc’ed

- - l ’u ’eqiuencv CI ccc[  -on~ nt  a It  t he  s e l cz a r  . (h a -  au t o locus  s i m u l a t i o n  assumed th~m
i n i t i a l  hand o h’i’ is m om ; c a range- dopp le r tracker , providing :~~o ,

w h i c h  a m e  used r c  st o  m t t u e  es t imator .  The conmpletc de scr i pt tout  of t i c e

estimator t i L t  becomes

r 
1 

~J I  ~~~1 1

+ K

L,± — - 

I~g~ t 
L~ -

‘ lime i - -~ t o i i m c t i m n a -  m~ t i t — i  L a L t i m ’,i t’~ ‘h  a ~;imp l. ’ P t c t l l ’ l \  I -J ’ ; l t  H t t i s  I~~ I

1 )0!) .

V I , Cotic’ I t i s  b u s

‘ l ’ iu i s  p o l l er  geic .  m . d  i ~es t i l L  imu ltid t i le r  adapt ly e  opt m c s  e 1cCt ~~ i a b y
‘dioi~ m u g  t h a t  they h e l m e t  - l i e -  c l a s s  of s i m u u s e i d t u l p c r t m m n h ; u t  mon ; m d , c ’t ly e

cen t no ! proh l ems . lii i S t il.I I as i~ ~ -1 is in s  ig i c t i t l t O  th e  h ig hc -r  e ider  I ’ m

quenl :v term s ti s  these COl ~i a en s u I\’ sec ’Il to he i’d a ted to the second (let’ i a

t i i ci t it t’  I l l  - ‘I I ‘ ~
‘ . i Ic I S S cml i I c r u c i p t e t i  i~~’ s peck l e  e f fe c t s  N t-.C I - - -

-H - t t -c t m n i  ‘c. I I : ~1-ac k I t -  cc~~h - ’. c t ’ u m t ~ in’ mode t ed i n  s ta t e  ~p:icc- I L , ’I c y d

by t l i t ’  mm—u ’ a ft ~~
“ ‘ - P tt I )‘i~ r t i e  C ’ m : m l  dens I te LIL t’ iced i t i  t i m  i s  paper. IL

n~ deIs a m’ e I Hr 15i~ i 10 tO IP In L\ f L i t L l t ’Ll ~a~~~a est i m ;ut ’i’ I I  a’~~ iltltl t l iii ’

2.?)

-‘
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g i . i d e ’ r ; t  a.’ - t~~~~. l i m a  ac ’I I n ’ ; n l ’~- t in , ’ 1 1 - d l t m l t  I t I c  t i l e  u~~ c ~~~ 1-a L I m I a l

l he ’’~~C ‘c m i  lb I tO h~ m u s ed  l J m  a i~~~!c hcmndmci -~l t Ii di ’ l i i i  s , ac a  I ~ m a. es’’ - a

~ c m i m u 1 m r  i d i gc t al i iar praees-:ors in order to  c - I  Oc t 11 t I m , - 1’C 1 1111 , i t { t I  a ’

t O S .  It rn~ue b a I ‘~~) tm ~;ed in an ann lOl l  m c i i i  ‘ a t  ion . ‘ l i i i  I l l -  l u t i l to a l

c- i  i m i r t i t  inn  ot  a c a v i - c u t  i n t l  c~Ic~ t n o d -as t a  - i c ; - ’ cin ~~l I -~I u t h e  m i I ’CL ’~ s :m r\’ detc ’ -:l m O l t

a ; . i  Ia  c’l mm li i  I t iti g t i e  51 a C L l (  nt- i ke I t i l l  t I c  c t i ~~1 c I L - c c O t u t . l I m N  \ lt ’!LC. .1

C c ) t i t t i ) I  a ’ i r t - i i c ’  t h a t i s  h s~ t u o c s e  t im id , t 1 c~ - , ~u ’r l a m ’ L- - dLa - :k j t O I ”i t ’ S .

‘l i e  ‘ontm ’ol ( l i i i  J O ~ 0( Ie c c l i i i  s t c ’has t  IC t i p ; l : .~ l O t  ion is hric ’l I -; dkci~~~’ ’ci .

I l l s  \ ‘ i t ’l d s  i t c-xcc-Il a’nt c c t , c’tCl it t t I l - S u t e ; .  H it ’  c’S t I t , u t  n i m  i L - i  i t a l i s

a -re tippi ied t t ime t m ; c t t ’o c n ~ 5\ ’ S t e f l i ,  ~ttmh1e cnn l’ i C ! i ~~Y o c c c i r m a ’ d  i t i  t h e

I n c  - -0CC 1 - pi ’~ k 1c-  t t t - i i c ~ cai compe l j i m a  sign i l s. \ c lflt i I , i l ’  ct ~~e ILlS I- OL ’J

~ i t c  nO es ti t It ion - i u d i 1 \ ’ad , L a d I ng, l i t  L~aliL’1 ’a l , to l i - a t ’ cc nc\ -lgeicci ’ t m

“ l iii ’ L a m I n  s l i t  — m ’ e c c s .
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